It is well established that healthy aging is accompanied by structural changes in many brain regions and functional decline in a number of cognitive domains. The goal of this study was to determine (1) whether the regional distribution of age-related brain changes is similar in gray matter (GM) and white matter (WM) regions, or whether these two tissue types are affected differently by aging, and (2) whether measures of cognitive performance are more closely linked to alterations in the cerebral cortex or in the underlying WM in older adults (OA). To address these questions, we collected high-resolution magnetic resonance imaging (MRI) data from a large sample of healthy young adults (YA; aged 18-28) and OA (aged 61-86 years). In addition, the OA completed a series of tasks selected to assess cognition in three domains: cognitive control, episodic memory, and semantic memory. Using advanced techniques for measuring cortical thickness and WM integrity, we found that healthy aging was accompanied by deterioration of both GM and WM, but with distinct patterns of change: Cortical thinning occurred primarily in primary sensory and motor cortices, whereas WM changes were localized to regions underlying association cortices. Further, in OA, we found a striking pattern of region-specific correlations between measures of cognitive performance and WM integrity, but not cortical thickness. Specifically, cognitive control correlated with integrity of frontal lobe WM, whereas episodic memory was related to integrity of temporal and parietal lobe WM. Thus, age-related impairments in specific cognitive capacities may arise from degenerative processes that affect the underlying connections of their respective neural networks.
Introduction
Healthy aging is characterized by myriad cognitive changes. Some of the most pronounced and consistently reported deficits are on tasks that require long-term memory or that challenge cognitive control processes and working memory (Hedden and Gabrieli, 2004; Piguet and Corkin, 2007) . While the pattern of age-related cognitive changes is relatively well characterized, less is known about the neural bases of age-related changes in cognition.
Age-related cognitive decline is frequently attributed to deterioration of cortical gray matter (GM) structures. Magnetic resonance imaging (MRI)-based studies point to reduced global GM volumes in OA (Allen et al., 2005; Bartzokis et al., 2001; Pfefferbaum et al., 1994; Raz et al., 1997 Raz et al., , 2005 Salat et al., 1999; Walhovd et al., 2005) . Several studies that examined regional effects of age found that frontal areas showed greater volumetric reduction than posterior regions (Allen et al., 2005; Bartzokis et al., 2001; Raz et al., 1997; Salat et al., 1999) . Particularly notable are volumetric losses in prefrontal cortex (PFC) (Grieve et al., 2005; Raz et al., 1997 Raz et al., , 2004a Salat et al., 1999) . These findings have led to the hypothesis that age-related GM loss occurs along an anterior-to-posterior gradient (Jernigan et al., 1991; Raz et al., 1997; Raz and Rodrigue, 2006; Sowell et al., 2003) . While this hypothesis tends to dominate the aging literature, degeneration has also been documented in all of the major lobes of the brain (Allen et al., 2005; Bartzokis et al., 2001; Cowell et al., 1994; Raz et al., 2004a; Tisserand et al., 2002; Van Petten, 2004; Van Petten et al., 2004) .
Advanced methods now allow assessment of changes in cortical thickness across the lifespan (Fischl and Dale, 2000) . Similar to results from volumetric studies, cortical thickness of lateral PFC is reduced in OA. At the same time, cortical thinning is also found in the occipital lobe and precentral gyrus-areas that have not generally been associated with volumetric decline (Salat et al., 2004) . The histopathological underpinnings of these macroscopic changes in cortical GM remain elusive: While early studies reported a loss of cortical neurons and decreased cell packing density , more advanced methods indicate that cell loss is relatively minimal in old age, overshadowed by a drastic loss of neuropil (Peters et al., 1998a) .
Age-related structural changes in white matter
In addition to GM degeneration, WM changes likely play an important role in explaining age-related cognitive deficits (Hinman and Abraham, 2007; Peters, 2002) . Many volumetric studies have documented reduced global and regional WM volumes in OA (Allen et al., 2005; Bartzokis et al., 2001; Courchesne et al., 2000; Guttmann et al., 1998; Jernigan et al., 2001; Salat et al., 1999) , but see (Good et al., 2001; Pfefferbaum et al., 1994; Sullivan et al., 2004) . Evidence that WM volume loss is greatest in the frontal lobes is equivocal (Allen et al., 2005; Raz et al., 1997 Raz et al., , 2004b Salat et al., 1999) .
Other MRI-based markers of WM degeneration include an increase in hyperintensities on T2-and proton densityweighted images, with the greatest volume of hyperintensities typically found in the WM underlying the frontal lobes (de Groot et al., 2000; DeCarli et al., 1995; Gunning-Dixon and Raz, 2000; Nordahl et al., 2006; Pfefferbaum et al., 2000; Tullberg et al., 2004; Yoshita et al., 2006) . In addition, microstructural deterioration of WM has been assessed using diffusion tensor imaging (DTI), with numerous studies documenting widespread age-related decreases in fractional anisotropy (FA) (Benedetti et al., 2006; Charlton et al., 2006; Madden et al., 2004; O'Sullivan et al., 2001; Salat et al., 2005a; Sullivan and Pfefferbaum, 2003) . FA measures the degree to which the diffusion of water molecules is restricted by microstructural elements, such as cell bodies, axons, or myelin and other glial cells (Beaulieu, 2002) . Like WM hyperintensities, FA reductions tend to be most prominent anteriorly, such as in the genu and anterior portions of the corpus callosum and in the WM underlying PFC (Ardekani et al., 2007; Head et al., 2004; Madden et al., 2007; O'Sullivan et al., 2001; Pfefferbaum et al., 2005; Salat et al., 2005b; Yoon et al., 2008) . Other notable loci of decreased integrity include the internal capsule (Good et al., 2001; Salat et al., 2004) , auditory pathways of the temporal lobes (Lutz et al., 2007) , and cingulum bundle (Yoon et al., 2008) . Postmortem studies reveal a number of pathologic factors that may cause changes in FA, including loss of small myelinated fibers (Marner et al., 2003; Tang et al., 1997) and myelin degradation (Peters, 2002) , which likely contribute to volumetric change (Double et al., 1996; Guttmann et al., 1998; Ikram et al., 2008; .
In summary, evidence of morphological and microstructural changes in frontal areas appears consistently in the aging literature. In addition, regional alterations have been noted across wide regions of GM and WM, although the exact nature and magnitude of these changes remains a topic of debate. To explicitly test whether WM and GM exhibit similar or distinct patterns of age-related change, measures of both structures must be examined in a single group of participants. The present study achieved that goal.
Linking GM changes to cognitive performance in OA
A prevalent view contends that age-related decline in episodic memory is related to deterioration of the hippocampus and other medial temporal lobe structures, and that cortical losses are more highly correlated with decrements in cognitive control processes (i.e., the frontal aging hypothesis) (Tisserand and Jolles, 2003; West, 1996) . While a number of studies have reported correlations between hippocampal volume and episodic memory (Golomb et al., 1996; Kramer et al., 2007) , some concerns have been raised about the robustness of the effect (Van Petten, 2004) . Direct evidence in favor of the frontal aging hypothesis has also been difficult to demonstrate in humans (Greenwood, 2000; Raz and Rodrigue, 2006; Van Petten et al., 2004) . Diminished attention and executive function in OA have been associated with decreased global cortical volumes and reduced volumes of lateral PFC and OFC (Kramer et al., 2007; Zimmerman et al., 2006) , although an inverse correlation between working memory function and OFC volume has also been reported (Salat et al., 2002) . In addition, PFC volume has been inversely correlated with perseverative errors in OA (Gunning-Dixon and Raz, 2003; Raz et al., 1998) . In contrast, spatial and object working memory correlated with visual cortex volume (Raz et al., 1998) , but neither spatial and object or verbal working memory (Gunning-Dixon and Raz, 2003) showed significant correlations with PFC volume.
Less is known about the cognitive correlates of cortical thinning. An experiment in monkeys found that age-related cortical thinning was associated with deficits in recognition memory and overall cognitive function (Peters et al., 1998b) . In humans, OA with high fluid intelligence scores had large regions of thicker cortex in the right hemisphere, most notably in posterior cingulate cortex, compared to OA with average scores . In contrast, the same study found virtually no thickness differences between high and low performers on tests of executive function.
Linking WM changes to cognitive performance in OA
Given the distributed nature of the neural networks that support the cognitive functions that decline most with age, degradation of the connections in these networks could have a dramatic effect on the processing abilities of OA. One study of older rhesus monkeys found a correlation between measures of executive function and DTI-based measures of WM integrity in long-distance corticocortical association pathways (Makris et al., 2007) . Similarly, several investigations of humans have linked deficits in processing speed, executive function, immediate and delayed recall, and overall cognition to an increased burden of periventricular WM hyperintensities in OA (Gunning-Dixon and Raz, 2000 Raz, , 2003 Soderlund et al., 2003) . WM hyperintensities have also been associated with decreased frontal lobe metabolism (DeCarli et al., 1995; Tullberg et al., 2004) , and with diminished BOLD responses in PFC during performance of episodic and working memory tasks (Nordahl et al., 2006) . When measured using DTI, functional correlates of decreased WM integrity included working memory impairments (Charlton et al., 2006) , slowed processing speed (Bucur et al., 2008; , and executive dysfunction (Deary et al., 2006; Grieve et al., 2007; O'Sullivan et al., 2001) . In one study of OA, WM integrity was negatively correlated with the magnitude of the BOLD response in PFC in individuals performing an episodic memory task (Persson et al., 2006) . While these studies suggest that degeneration of WM pathways may contribute to the etiology of age-related cognitive decline to an equal or greater extent than GM atrophy (Hinman and Abraham, 2007; O'Sullivan et al., 2001) , a strong test of this hypothesis requires measures of GM and WM integrity in the same group of participants, and then relating those measures to cognitive test scores. To date, no study has provided a direct test of the hypothesis that cognitive performance in OA correlates more strongly with WM than with GM changes.
The present study
Our study asked two specific questions: (1) Do the patterns of age-related change differ between WM and GM structures, and (2) Are changes in discrete regions of GM and WM related to specific cognitive measures in OA? To address the first question, we used high-resolution structural MRI to obtain measures of cortical thickness and DTI-based indices of WM integrity in a single sample of young adults (YA) and OA. We hypothesized that the patterns of change in WM and GM would largely overlap, with frontal regions showing the most widespread losses. At the same time, we expected the patterns to diverge slightly, with cortical thinning also extending to primary sensory and motor cortices, while loss of WM integrity was expected to be more restricted to frontal areas.
We chose not to limit our DTI analyses to WM regions and intentionally performed exploratory analyses of GM regions as well. This decision was based on emerging evidence that DTI data contain rich information about microstructural characteristics of all brain tissues (Rose et al., 2008) , and may be capable of detecting age-related changes in GM structures (Abe et al., 2008 ). To answer the second question, our sample of OA completed a series of tasks designed to measure three cognitive domains: cognitive control, episodic memory, and semantic memory. We predicted that cognitive control and episodic memory in OA would correlate with cortical thickness in PFC and association areas of parietal and temporal lobes, respectively, as well as with the integrity of WM underlying these cortical areas. Because semantic memory tends to remain relatively stable throughout the lifespan, we did not expect to find robust structure-function correlations for this domain.
Materials and methods

Participants
The participants in this study were 36 YA (16F/20M), aged 18-28 years (mean age = 21.9 ± 2.6 years), and 38 OA (20F/18M), aged 61-86 years (mean age = 70.3 ± 7.2) ( Table 1 ). Most of the YA were recruited from the MIT and Harvard communities; OA came primarily from the MIT and Harvard alumni associations. OA had more years of education (17 ± 3.0) than YA (15 ± 2.0), due to the fact that the majority of YA had not completed their education. Our exclusion criteria were: history of neurological or psychiatric disease, use of psychoactive medications, substance misuse, and presence of serious medical conditions, including history of heart disease, diabetes, and untreated hypertension. Those participants whose hypertension was controlled by prescription medication were admitted into the study. All participants were screened for dementia using the Mini Mental State Examination (MMSE) (Folstein et al., 1975) , and any individual scoring below 26 was excluded from the study. The two groups were well matched on MMSE scores (mean scores: YA = 29.2 ± 1.0; OA = 29.2 ± 2.0). All participants gave informed consent using methods approved by the MIT Committee on the Use of Humans as Experimental Subjects and by the Partners Human Research Committee (Massachusetts General Hospital).
MRI acquisitions
We collected whole-head MRI scans using a 1.5 T Siemens Sonata imaging system (Siemens Medical Systems, Iselin, NJ). Tightly padded clamps attached to the head coil minimized head motion during the scan. For analyses of WM integrity, we obtained highresolution DTI scans from each participant (TR = 9100 ms, TE = 68 ms, slice thickness = 2 mm, 60 slices, acquisition Table 1 Participant characteristics: mean ± S.D. and (range).
Group
Age ( matrix 128 mm × 128 mm, FOV 256 mm × 256 mm yielding 2 mm 3 isotropic voxels, seven averages of eight directions with b-value = 700 s/mm 2 , and 5 T2-weighted images with no diffusion weighting, b-value = 0 s/mm 2 ). The effective diffusion gradient spacing was = 64 ms with a bandwidth of 1445 Hz/pixel. Images were collected in an oblique axial plane. The DTI acquisition used a twice-refocused balanced echo, developed to reduce eddy current distortions (Reese et al., 2003) . For morphometric analyses of cortical thickness, we collected two high-resolution T1weighted anatomical (MPRAGE) scans from each participant (voxel size = 1.0 mm × 1.0 mm × 1.33 mm, TR = 2530 ms, TE = 2.6 ms, TI = 7100 • , flip angle = 7 • ).
DTI analyses
We chose FA as an indirect measure of the integrity of WM fiber bundles and GM structures because FA values are dependant upon the microstructural composition of different tissues (Beaulieu, 2002) . We tested for differences in FA between YA and OA using a whole-brain atlas-based analysis, and by comparing mean FA values derived from manually delineated regions of interest (ROIs).
Processing of DTI data
All DTI data were processed using tools from the FSL (http://www.fmrib.ox.ac.uk/fsl) and FreeSurfer (http://surfer.nmr.mgh.harvard.edu) image analysis packages. We first applied motion and eddy current correction to all DTI scans. To this end, we registered each participant's diffusion-weighted images to the T2-weighted image using FMRIB's Linear Image Registration Tool (FLIRT), available as part of the FSL analysis package (Jenkinson et al., 2002; Jenkinson and Smith, 2001) . FLIRT employs a 12-parameter affine transformation and a mutual information cost function to achieve a globally optimized registration. Diffusion tensor and FA metrics were derived as described previously (Basser et al., 1994; Pierpaoli and Basser, 1996) . For atlas-based statistical analyses, we used trilinear interpolation to resample all maps and nearest-neighbor resampling for ROI analyses. To avoid partial volume effects associated with the inclusion of cerebrospinal fluid in WM voxels, all voxels with trace diffusion values greater than 6 m 2 /ms were excluded from the analyses.
Whole-brain statistical analyses of DTI data
To perform voxelwise statistical analyses of DTI data, FA volumes were spatially normalized to MNI space with FLIRT (Jenkinson et al., 2002; Jenkinson and Smith, 2001 ) by reg-istering each participant's T2-weighted volume to the MNI's 152-subject T2-weighted template (Mazziotta et al., 1995) and then applying this transformation to individual FA maps. To increase statistical power, we performed minimal spatial smoothing of FA maps using a 3D Gaussian kernel with 4mm full width at half maximum. Independent t tests were calculated at each voxel to test for differences in FA between groups. The tools that we used to perform statistical analyses of our DTI data were developed in-house and are not equipped with a False Discovery Rate correction procedure that is appropriate for voxelwise analyses of WM regions. We did, however, enforce a strict cutoff of p < 0.001 for all statistical comparisons of FA measures to minimize the potential confound of multiple comparisons.
ROI analysis of DTI data
We manually defined 14 ROIs (Fig. 1B ) that were either selected a priori, based on age-related changes previously documented in the literature, or to confirm the results from our whole-brain analyses of FA, thereby ensuring that any group differences were not confounded by registration or smoothing procedures. Based on previous reports (Abe et al., 2008; Lutz et al., 2007; Madden et al., 2004; O'Sullivan et al., 2001; Salat et al., 2005a; , we expected FA to be decreased in OA in the following regions: the genu of the corpus callosum, posterior sagittal striatum, and radiate WM regions underlying PFC and OFC. In contrast, we expected to find little or no age-related change in FA values in the splenium of the corpus callosum and in the radiate WM underlying occipital, temporal, and parietal areas (Head et al., 2004; Salat et al., 2005a; , and increased FA in OA in the putamen (Abe et al., 2008) . All ROIs were placed individually in each participant's native, unsmoothed FA volume, thus avoiding any errors due to misregistration and any confounding effects of spatial smoothing. With the exception of callosal labels, all ROIs were drawn separately in each hemisphere. Each label contained the same number of voxels in each participant. We provide detailed anatomical descriptions of ROI placement and label size online as Supplementary Material. To help ensure that no GM voxels were included in any of the WM ROIs, we created individual WM masks by thresholding each participant's FA volume at 0.25, thus masking out the majority of GM voxels. To further minimize partial volume effects, we positioned all labels near the center of each WM region or tract, avoiding border voxels. The GM ROIs were drawn in participants' native, unthresholded maps; to ensure that these labels contained only GM voxels, we did not include any voxels with FA values above 0.5, essentially masking out most WM voxels. A multivariate repeated measures general linear model (GLM) tested for significant differences between YA and OA in mean FA for each ROI. In order to compare the magnitude of effects across ROIs, we calculated effect sizes ([OA mean − YA mean]/pooled standard deviation) for the differences in means between OA and YA.
Cortical thickness analyses
We used advanced tools to derive measures of cortical thickness across the entire cortical mantle. We tested for regional differences in cortical thickness between YA and OA using an automated, surface-based approach, as well as by analyzing cortical thickness measures derived from manually delineated ROIs.
Analyses of regional cortical thinning
T1-weighted MRI data were processed using the FreeSurfer (http://surfer.nmr.mgh.harvard.edu) morphometric analysis tools. We performed motion correction and averaged the two scans from each participant, yielding a single volume with high contrast-and signal-to-noise ratios. Cortical surfaces were reconstructed using a semi-automated procedure that has been described at length in previous work (Dale et al., 1999; Fischl et al., 1999a Fischl et al., , 2001 . We derived thickness measures at each vertex along the reconstructed surface by calculating the shortest distance from the gray/white border to the outer cortical (pial) surface (Fischl and Dale, 2000) . Thickness measures were then mapped back onto each participant's inflated cortical surface and were averaged across all participants using a spherical averaging procedure (Fischl et al., 1999b) .
Statistical analyses of cortical thickness data
For analyses of differences between OA and YA, an average surface was derived using our entire sample. The average surface ensures that the data are displayed on a model that is representative of the overall population, but lacks individual anatomical idiosyncrasies, thus maximizing the chance of accurate regional localization of effects. For correlations between cortical thickness and measures of cognition, a separate average surface was derived using only the sample of OA who completed the cognitive tasks. All statistical comparisons were performed in a vertexwise fashion across the entire cortical surface. We tested for group differences and for correlations between thickness and mea-sures of cognition using GLMs. For correlations between thickness and cognitive performance, age and years of education were included as continuous covariates. Betweengroup comparisons and correlations were subject to False Discovery Rate correction (q = 0.05) for multiple comparisons (Benjamini and Hochberg, 1995; Genovese et al., 2002) .
ROI analysis of cortical thinning
In addition to the cortex-wide comparisons of cortical thickness between YA and OA, we manually defined ROIs (Fig. 2B ) in regions that we predicted would show the greatest degree of thinning (precentral gyrus, calcarine, PFC, OFC) Raz et al., 1997; Salat et al., 2004) , in two regions that were not expected to show reduced cortical thickness in OA (middle temporal gyrus and anterior cingulate cortex) Salat et al., 2004) , and in two regions (inferior temporal gyrus and posterior cingulate cortex) that have been associated with inconsistent results based on the volumetric and thickness literatures (Raz et al., 1997; Salat et al., 2004) . We tested each ROI for differences in mean cortical thickness between YA and OA using a multivariate repeated measures GLM. We then calculated an ES for each ROI. 
Cognitive testing
Participants who underwent MRI scanning were asked to return for a second visit to complete a series of cognitive tasks. Over 90% of the OA returned to complete the cognitive tasks, compared to 60% of the YA. This difference resulted in a less representative YA sample and reduced statistical power for brain-behavior correlations. Thus, correlations between cognitive scores and neuroanatomical measures were restricted to the OA group.
We selected a series of tasks to assess frontal lobe and long-term memory functions in OA (Table 2) . For frontal lobe function, we chose tasks that require working memory or cognitive control processes; within the realm of long-term memory, we included tasks to assess episodic and semantic memory capacities. The cognitive control composite was designed to provide and index of a range of frontal lobe functions and included several tests that are know to be sensitive to aging (Glisky et al., 1995) . The cognitive control composite included a measure robustly associated with inhibitory control, the Stroop interference score (i.e., difference between the color-word card score and the color card score) (Stroop, 1935) , and two tests of working memory, the total raw score from the Wechsler Memory Scale-III Backward Digit Span (Wechsler, 1997b) and the Trail Making Test, B-A score (Reitan, 1958) . In addition, to provide an index of abstract mental operations, we included the total number of words produced in the Controlled Oral Word Association Test (COWAT) (Benton and Hamsher, 1989) , a test of verbal fluency that is thought to rely on search strategies rather than on semantic knowledge (Lezak, 1995) . The episodic memory composite was comprised of two measures known to be sensitive to impairment in long-term memory: the delayed recall scores for the Wechsler Memory Scale-III Logical Memory and Word List subtests (Wechsler, 1997b) . To achieve a broad assessment of semantic memory function in OA, this composite included scores for the Wechsler Adult Intelligence Scale-III Vocabulary subtest (Wechsler, 1997a) , which tend to remain stable or even improve with age, and the total number of words for the Boston Naming Test (Kaplan et al., 1983) , which tends to show some variability across the lifespan (Zec et al., 2005 (Zec et al., , 2007 . All test scores were converted to z scores and then averaged to create a composite score for each of the three cognitive domains: cognitive control processes, long-term episodic memory, and semantic memory
Brain-behavior correlations in OA
For the OA group, we performed whole-brain and ROIbased multiple regression analyses to examine correlations between each cognitive composite score and measures of FA and cortical thickness. The whole brain analyses consisted of voxelwise correlations between FA or cortical thickness and cognitive composite scores. The ROI-based regression models included age as a continuous covariate. To ensure that any observed correlations were not simply the result of individual differences in FA values, we took the following approach: For any ROI that showed a correlation between FA and a cognitive measure, we calculated the correlation between age and FA in that ROI and then calculated partial correlation coefficients for FA and age from the multiple regression model. We then computed squared partial correlation coefficients to determine the percentage of variance in the cognitive measure that was due to FA, age, or both.
Results
Differences between YA and OA in WM integrity
We found widespread reductions in FA values in OA, compared to YA (Fig. 1A, yellow and red areas) . As anticipated, FA was reduced in anterior regions, including the genu and anterior body of the corpus callosum, and in the WM underlying the superior and middle frontal gyri and OFC. We also noted reduced FA in the WM underlying the middle and superior temporal gyri and posterior parietal cortex. In contrast, FA values in the putamen were significantly greater in OA than in YA (blue areas).
In our ROI analysis (Fig. 1B) of FA values, a multivariate repeated measures GLM revealed a significant main effect of age (F 1,61 = 17.2, p < 0.001) and a significant age by region interaction (F 11,61 = 9.1, p = 0.004). Effect sizes for each ROI are presented in Fig. 1C . Post-hoc comparisons confirmed our predictions: FA was lower in OA relative to YA in the following ROIs: radiate OFC on the left (p < 0.001) and right (p < 0.001); genu of the corpus callosum (p < 0.001); sagittal striatum on the left (p = 0.008) and right (p < 0.001); and radiate PFC on the left (p = 0.02) and right (p = 0.01). In contrast, FA was significantly greater in OA, compared to YA, in the putamen on the left (p = 0.04) and right (p = 0.02). We found no significant differences between YA and OA for mean FA values in the splenium of the corpus callosum or in the radiate occipital WM bilaterally.
Differences between YA and OA in cortical thickness
A surface-based GLM revealed regional changes in cortical thickness between YA and OA ( Fig. 2A) ; all areas reported showed significant differences that survived False Discovery Rate correction for multiple comparisons (q < 0.05). Cortical thinning was found bilaterally in the following regions: the lateral aspect of the superior frontal gyrus, the precentral gyrus and banks of the central sulcus, and in the calcarine sulcus and cuneus in the occipital lobe and in lateral PFC and inferior parietal cortex. We also found age-related thinning in the transverse temporal gyri, but with a rightward predominance. A small, circumscribed region of cortex in the right posterior cingulate gyrus was thicker in OA.
We used a multivariate repeated measures GLM to test for differences in mean thickness in selected ROIs (Fig. 2B) . These analyses revealed a significant main effect of age (F 1,69 = 12.9, p < 0.001) and a significant age by region interaction (F 15,69 = 10.9, p = 0.001). Effect sizes for each ROI are presented in Fig. 2C . Post-hoc comparisons indicated the greatest degree of thinning occurred, bilaterally, in the pre-central gyrus, followed by OFC, calcarine sulcus, and PFC (all p < 0.01). In contrast, OA showed significantly thicker cortex in the anterior cingulate on the right (p < 0.001), but not on the left (p = 0.06), and in the inferior temporal gyrus on the right (p = 0.01), but not on the left (p = 0.22). No significant differences were found in thickness of the middle temporal gyrus on the left (p = 0.25) or right (p = 0.33) or in the posterior cingulate on the left (p = 0.33) or right (p = 0.27). The pattern of these results agreed largely with the predicted pattern of change, as well as with the results from our map-based cortical thickness analysis.
Brain-behavior correlations in OA
To determine whether changes in discrete regions of GM and WM were associated with specific cognitive impairments in OA, we tested for correlations between each cognitive composite score and measures of FA and cortical thickness. For each measure, we used an automated, whole-brain approach, and a complimentary ROI-based approach.
Correlations with DTI data
Voxel-based regression analyses revealed a significant positive correlation between performance on cognitive control tasks and FA in frontal lobe WM (Fig. 3A) . By contrast, performance on episodic memory tasks correlated positively with FA in more posterior regions, in particular the WM underlying the temporal and parietal lobes (Fig. 3B) . No significant correlations were found between semantic memory composite scores and FA. Multiple regression analyses of FA values derived from manually delineated ROIs revealed significant, regionally-specific, correlations between cognitive composite scores and FA in two ROIs (Fig. 3C) : episodic memory composite scores correlated significantly with mean FA in the temporoparietal WM on the left (R 2 = 0.46, p = 0.003; r 2
[FA] = 0.40; r 2 [age] = 0.10) and right (R 2 = 0.29, p = 0.04; r 2
[FA] = 0.27; r 2 [age] = 0.05). FA in the temporoparietal ROI was negatively correlated with age on both the left (r 2 = 0.14, p = 0.002) and right (r 2 = 0.23, p = 0.001). In contrast, cognitive control scores were positively correlated with mean FA in the PFC on the left (R 2 = 0.36, p = 0.01; r 2
[FA] = 0.29; r 2 [age] = 0.09) and right (R 2 = 0.30, p = 0.04; r 2
[FA] = 0.19; r 2 [age] = 0.10). FA in the PFC ROI was negatively correlated with age on both the left (r 2 = 0.13, p = 0.003) and right (r 2 = 0.18, p < 0.001).
To test the regional specificity of these brain-behavior correlations, we performed additional multiple regression analyses for each of these two cognitive measures, including FA values from both the anterior and posterior ROIs as regressors. These models demonstrated that FA in left (p = 0.018) and right (p = 0.028) PFC correlated with performance on cognitive control tasks, independently of any contribution from temporoparietal WM on the left (p = 0.59) or right (p = 0.51). In contrast, episodic memory scores were correlated with FA values in left (p = 0.004) and right (p = 0.021) temporoparietal WM, but not PFC WM on the left (p = 0.32) or right (p = 0.6).
Correlations with cortical thickness
Surface-based regressions revealed a few modest correlations between semantic and episodic memory performance and measures of cortical thickness in OA. None of these correlations, however, exceeded our significance cutoff of p < 0.001. Further, we found no significant correlations between thickness in any manually defined cortical ROI and any cognitive composite score (all p > 0.06).
Discussion
This study addressed two open questions about cognitive aging: (1) Do the distributions of age-related change in cortical thickness and WM integrity overlap, or are these brain regions affected differently; and (2) What are the cognitive effects of these brain changes? Here we consider the specific age-related alterations in brain structure, discuss the possible implications of the brain-behavior correlations, and relate our findings to the literature on microstructural factors that may contribute to the etiology of cognitive and neural decline in aging.
Age-related changes in WM integrity
Our predictions concerning age-related differences in WM were largely confirmed: We found widespread regions of reduced FA in the WM underlying the frontal lobes, including OFC, the genu of the corpus callosum, forceps major, and the anterior corona radiata of PFC. The finding of lower FA in the frontal lobes of OA is compatible with the results of several other studies that used a combination of ROI and voxel-based analyses similar to those employed here (Salat et al., 2005a) , or that used ROI-or tractography-based methods (Head et al., 2004; Nusbaum et al., 2001; O'Sullivan et al., 2001; Ota et al., 2006; Pfefferbaum et al., 2005) . The observed pattern of change in FA also parallels studies that report reduced frontal WM volumes (Allen et al., 2005; Bartzokis et al., 2001; Courchesne et al., 2000; Guttmann et al., 1998; Jernigan et al., 2001; Salat et al., 1999) and increased WM hyperintensities on FLAIR and T2-weighted images (de Groot et al., 2000; DeCarli et al., 1995; Gunning-Dixon and Raz, 2000; Nordahl et al., 2006; Tullberg et al., 2004; Yoshita et al., 2006 ). An increased burden of WM hyperintensities is associated with decreased FA values, both within the hyperintense regions, as well as in normal appearing WM (O' Sullivan et al., 2004; Taylor et al., 2007) . The present study did not exclude areas of hyperintense signal from FA analyses. While it is possible that a similar relation exists in the present sample, we have examined the quantitative effects of hyperintense signal on DTI measures using statistical models, and found that this variable did not have a significant effect on patterns of FA change in patients with Alzheimer's disease (Salat et al., 2008) .
We also found age-related decreases in WM adjacent to temporal and parietal cortices. The few DTI-based studies that have examined temporoparietal WM regions have reported mixed results. In agreement with our findings, one study showed a modest decrease in temporal and parietal lobe FA, but this decline was not proportionate to that in frontal lobe areas (Head et al., 2004) . Our results indicate that agerelated changes in FA are particularly widespread in WM regions underlying multimodal association cortices. In support of this view, histopathological evidence points toward a degenerative process whereby small diameter myelinated fibers are more vulnerable to aging than larger diameter axons (Tang et al., 1997) . The interhemispheric callosal connections between frontal and temporoparietal areas appear to consist predominantly of small diameter fibers (Aboitiz and Montiel, 2003) . Thus, the age-related vulnerability of the WM connecting association areas may reflect the high sensitivity of these small diameter fibers to aging processes.
In contrast to the significant decreases noted above, occipital FA values did not differ reliably between OA and YA, but FA values in the putamen were significantly greater in OA compared to YA. This finding is similar to one other report of reduced striatal FA (Abe et al., 2008) . Studies using T2-weighted MRI have documented signal changes that are believed to arise from an accumulation of heavy metals in the striatum with increasing age (Ketonen, 1998) . Iron deposition in neural tissue has been associated with neurodegenerative disorders, such as Parkinson's disease (Ke and Ming Qian, 2003; Zecca et al., 2004) , and there is some evidence that a notable amount of buildup also occurs in subcortical GM structures during the course of healthy aging (Bartzokis et al., 1994 Hallgren and Sourander, 1958; Ketonen, 1998) . While the mechanism by which iron deposition would cause a change in the FA metric is not entirely understood, a well-documented decrease or shortening of the T2 signal has been linked to heavy metal accumulation in the putamen in the sixth decade of life (Ketonen, 1998) . T2 shortening is typically found using gradient echo sequences, which are related to the DTI acquisitions used here (i.e., pulsed-gradient, spin-echo sequences). Thus, iron deposition in the putamen provides a putative explanation for the increased striatal FA that we see in our sample of OA.
Parallels between reduced FA and microstructural changes in aging
Our results indicate that DTI-based measures of WM integrity are sensitive to pathological changes that occur with advanced age. While we do not yet fully understand which specific tissue-level properties give rise to the MR signals used to derive FA values (Beaulieu, 2002) , evidence from histopathological studies suggests that alterations in myelin structure and integrity likely contribute to the age-related differences in FA values reported here. Studies of aged monkey brains show numerous abnormalities in myelin (Peters, 2002) , including the formation of cytoplasmic inclusions following splitting of the myelin lamellae, the accumulation of "balloons" or holes inside the myelin sheath, formation of redundant myelin sheaths (Rosenbluth, 1966; Sturrock, 1976) , and loss of small myelinated fibers (Kemper, 1994; Marner et al., 2003; Sandell and Peters, 2001; Tang et al., 1997) . Further, myelin abnormalities have been linked to cognitive dysfunction in aged monkeys (Moss and Killiany, 1999) . Thus, although the evidence is indirect, decreased FA values in the present study are likely due to cellular changes in myelin. Conclusive evidence will require further investigation combining MRI and histopathological techniques in the same brains.
Age-related changes in cortical thickness
Consistent with another study (Salat et al., 2004) , we found large regions of cortical thinning in sensory and motor areas, including the precentral gyrus, the pericalcarine region, and the medial aspect of the superior frontal gyrus. We also noted smaller regions of thinning in the lateral PFC, inferior parietal cortex, and transverse temporal gyri. In contrast, other frontal and temporal areas were largely devoid of significant age-related cortical thinning, and small areas of the right anterior cingulate and right inferior temporal gyrus showed modestly increased thickness in OA. These findings are in partial agreement with previous studies that documented significant age-related GM decrements in primary sensory and motor cortices using voxel-or ROI-based approaches (Good et al., 2001; Lemaitre et al., 2005; Raz et al., 2004a; Resnick et al., 2003; Salat et al., 2004; Tisserand et al., 2004) , as well as with one study that used the same cortical thickness tools employed here (Salat et al., 2004) . Other studies, however, reported the greatest degree of volumetric loss in frontal areas, with primary sensory and motor cortices showing less age-related degeneration (Jernigan et al., 1991; Raz et al., 1997; Raz and Rodrigue, 2006; Sowell et al., 2003) , possibly reflecting a pattern of atrophy that occurs in reverse of the developmental trajectory of growth (Raz et al., 1997) .
The discrepancy in findings could be the result of differences in analytic techniques, whereby measures of cortical thickness and volume are detecting separate degenerative processes. Because cortical volume is a product of thickness and surface area, degenerative processes that selectively affect surface area would not necessarily be detected using measures of cortical thickness. For example, age-related sulcal expansion (Kemper, 1994) could, in theory, be related to changes in cortical volume but not thickness. Alternatively, the discrepancy across laboratories may be related to differences in participant characteristics, such as exclusionary criteria or the ages of the OA groups. Several studies indicate that some frontal lobe damage is more closely related to vascular disease than to healthy aging processes (Artero et al., 2004; Raz et al., 2007) . Thus, results from studies such as the present one, which excluded any OA with untreated hypertension, should include fewer changes that are specifically related to vascular disease processes.
We also found several small areas where cortical thickness was greater in OA compared to YA. While not directly comparable to the present study, which examined differences between YA and OA, one study did report a regionally specific increase in cortical thickness in high functioning OA, compared to OA with average fluid intelligence scores . The high functioning group had thicker cortex in the right posterior cingulate gyrus. Although slightly more posterior to the area of the cingulate gyrus where we found increased thickness in OA, these two regions are adjacent. Taken together, these findings support the idea that some areas of cortex do not show age-related loss, and that thickening in specific cortical regions may impart some protective advantage to OA in terms of performance in selected cognitive domains.
Cognitive correlates of decreased WM integrity
We found a reliable pattern of correlations between WM integrity and cognitive performance in this sample of healthy OA. These results are striking because the ROI-based analysis showed a putative double dissociation between cognitive control and episodic memory function vis-à-vis WM integrity in anterior and posterior regions, respectively. Namely, we found a positive correlation between FA in anterior WM regions, including PFC, and scores on tasks that assessed cognitive control processes. In contrast, episodic memory performance correlated positively with the integrity of WM underlying temporal and posterior parietal areas, but not frontal areas, in our sample of OA. It is important to note that, in a cross-sectional study, one cannot completely disentangle the effects of age and the effects of inherent variability in a brain measure when the brain measure itself is negatively correlated with age. From careful analysis of our data, however, we find that age has a negative effect on FA (both through our group comparisons and correlations with age in selected ROIs) and that cognition is predicted by FA. Strengthening this conclusion is our finding that the correlations between cognition and FA were found in brain areas in which OA also showed significantly lower FA, when compared to YA.
The findings of a DTI study of WM in old rhesus monkeys support our conclusion: Age-related decline in executive function was significantly correlated with FA in long-distance corticocortical association pathways, including the anterior corpus callosum and the superior longitudinal fasciculus (Makris et al., 2007) . In older humans, increased numbers of WM hyperintensities in PFC are associated with greater executive dysfunction (Gunning-Dixon and Raz, 2003) , and FA in anterior WM correlates with selected measures of executive function and mnemonic control (O' Sullivan et al., 2001; . The present results confirm and extend these previous reports suggesting a link between the integrity of frontal lobe WM and performance on tests requiring the top-down control of cognition. By virtue of our combined whole-brain and ROI-based approach, we have also demonstrated that performance on these tasks is not correlated with WM integrity in more posterior regions. The brain-behavior correlations described here underscore the necessity of frontal lobe WM in supporting cognitive control processes in OA.
Other evidence supporting the association between temporoparietal areas and episodic memory performance comes from functional neuroimaging studies that have demonstrated a critical role for parietal lobe GM in mediating episodic memory retrieval (Buckner and Wheeler, 2001; Rugg et al., 2002; Shannon and Buckner, 2004; Wagner et al., 2005) . The cortical loci that are consistently implicated include lateral posterior parietal cortex (including the intraparietal sulcus and inferior parietal lobule), precuneus, posterior cingulate, and retrosplenial cortices (Wagner et al., 2005) . In the present study, the locus of the correlation between temporoparietal WM and episodic memory fell at the junction of several WM tracts that connect these previously identified brain regions. This WM region includes the sagittal stratum, which originates in the caudal portions of the superior and inferior parietal lobules and superior temporal gyrus, and the inferior longitudinal fasciculus, which contains projections that connect posterior parietal cortex with the inferior temporal gyrus and occipital lobe (Schmahmann and Pandya, 2006) . One would expect this area to include fibers that link many of the cortical areas that are active during episodic retrieval, and it is, therefore, not surprising that decreased integrity of this WM region is associated with lower episodic memory performance in OA.
Cognitive correlates of age-related cortical thinning
Contrary to our expectations, we found no significant correlations between measures of cortical thickness and composite scores from any of the three cognitive domains examined. Prior evidence suggesting a link between agerelated cortical changes and cognitive decline comes from a variety of sources. Functional neuroimaging studies in OA show dramatic changes in cortical activity during performance of tasks that require cognitive control (Gazzaley et al., 2005; Grady et al., 2006; Velanova et al., 2007) , episodic memory (Cabeza et al., 1997; Grady et al., 1999; Stebbins et al., 2002) , and semantic memory processes (Cabeza, 2001; Dennis et al., 2007; Madden et al., 1996) . Such studies, however, rely on indirect measures of neural activity, and not structural integrity per se. Thus, these fMRI studies cannot rule out contributions from other factors, such as decreased integrity of the connections between nodes in these functional networks, similar to the pattern we report here using DTI-based indices of WM integrity.
More direct evidence for a link between cortical thinning and cognitive decline comes from a study in monkeys, showing that cortical thinning in PFC was a good predictor of performance on a delayed non-match to sample memory test (Peters et al., 1998b) . In humans, however, the evidence for a relation between cortical atrophy and cognitive decline is equivocal. A review of the literature on structure-function correlations in aging concluded that "the magnitude of the observed associations is modest" and "not easily replicated" (Raz and Rodrigue, 2006) . One experiment that was limited to YA suggested a link between cortical thickness and verbal recall , but at delay intervals (months) much longer than those employed here (minutes). Consistent with our results, another study found no association between cortical thickness and measures of executive function .
Although some investigators have advocated searching for a link between memory decline and changes in the size of the hippocampus or other medial temporal lobe structures (Golomb et al., 1996) , a meta-analysis of volumetric studies found little evidence for an association between hippocampal atrophy and memory decline in healthy OA (Van Petten, 2004) . Unfortunately, our thickness analyses are limited to cortical regions, and thus is not possible to determine whether hippocampus proper is related to episodic memory function in our sample of OA. Our analyses do, however, include other medial temporal lobe structures, such as entorhinal and parahippocampal cortices, and we did not find evidence for age-related changes or correlations with episodic memory scores in these areas.
These negative findings with respect to correlations between cortical thickness and cognition raise the possibility that MRI-based measures of thickness or volume are simply not sensitive enough to detect the age-related alterations that are functionally significant. It is important to note, however, that unlike many previous studies, the methods employed here are not constrained by the size of ROIs selected a priori (i.e., we did not rely on pre-defined cortical parcellation units), but rather combined an ROI analysis with a point-by-point examination of cognitive correlations across the entire cortical surface. Thus, we would have been capable of detecting correlations between cognitive scores and changes in small, discrete areas of cortex, had such correlations existed. It is possible that the cognitive processes that are measured by our three composite scores do not rely on the function of easily localizable cortical foci, but instead tend to recruit numerous nodes, distributed across large regions of cortex (McIntosh, 2000; Mesulam, 1990) . Because efficient communication is essential for the proper function of such large-scale networks, disruption in the integrity of the links could introduce catastrophic interference. This hypothesis is in accordance with our finding of stronger structure-function correlations when considering WM integrity.
Conclusions
Our data suggest that WM degeneration, rather than cortical (i.e., GM) thinning, may contribute more to explaining age-related deterioration of cognitive control processes and episodic memory. While healthy aging was associated with cortical thinning and loss of WM integrity, the loci of these changes were distinct. WM changes occurred in tissue underlying association cortices, whereas cortical thinning was greatest in primary sensory and motor cortices. Thus, the contribution of cortical thinning to decline in the domains of episodic memory and cognitive control may be secondary to deterioration of WM integrity, or may instead correlate with lower-level processes that rely more on the primary sensory areas where cortical thinning is most pronounced. Further, this spatial dissociation suggests that separate degenerative processes may be at play in GM and WM. These processes may follow different time courses, and GM and WM abnormalities may even respond to different therapeutic interventions. The identification of new therapeutic opportunities applicable to healthy aging will require interdisciplinary research efforts that combine theoretical perspectives from cognitive science with histology, neuroimaging, genetics, and psychopharmacology.
